Abstract: Orbital maneuvering of microsatellite and nanosatellite requirements can be efficiently addressed by planar nozzles, in which realtime thrust control is gained actuating on the nozzle throat area. In the present work, the method of characteristics is used to design a hypersonic contour; then, the resulting profile is laser cut, assembled, and built into a propulsion system to finally perform tests in a vacuum chamber under several working conditions. Results are used to validate the profile and modeling assumptions and investigate overall behavior. Tests showed that thrust-inlet pressure ratio is a linear function of separation between nozzle contours and that no additional losses are introduced in the system. The corresponding design/manufacture/assembly tools can be used to a provide low-cost/low-weight controllable propulsion systems to the small-satellite industry with no efficiency loss.
Introduction to Cold-Gas Thrusters
Background During the last decades, there has been great development of the small-satellite industry due to these sattelites' low manufacturing cost and shorter development time compared to their larger counterparts. Also, orbiting costs are lower as they can be placed as secondary payloads in launcher missions. However, the issue to tackle when building such satellites is miniaturization of components. One key component that presents several miniaturization challenges is the propulsion system (Janson et al. 1999a, b) . The term small satellite applies to satellites with masses from less than 1 kg (referred as picosatellites), between 10 and 100 kg (referred as microsatellites), and up to 500 kg (referred as minisatellites).
As it can be seen, there are two orders of magnitude between these categories, which require the use of different technologies for the propulsion system. The different technologies are divided in two groups: high specific impulse-low thrust and low specific impulse-high thrust (NASA 2014) . The first group includes electric propulsion technologies such as ion electrospray and Hall thrusters, and the second group includes cold-gas thrusters and rocket motors. In particular, cold-gas thrusters are widely used for small-satellite propulsion, mostly in microsatellites. The main components of a cold-gas thruster are storage tank, pressure regulator, flow valve, and convergent-divergent nozzle. Sometimes, heaters are used to increase the enthalpy of the working fluid, which can be a pressurized or liquefied gas. As tank volume must be minimized, it is desirable to store gas at the highest possible pressure. This increases flow-valve power consumption and requires a pressure regulator to restrain thrust. Moreover, nozzles have to be machined with extremely small throats to further restrain mass flow in order to keep the desired thrust. The same considerations apply for liquefied gas systems, with smaller operating pressures. This has been discussed by several researchers in reviews and thruster specifications, which are given in Janson et al. (1999a, b) , Gibbon (2004) , Usbeck et al. (2004) , CU Aerospace (2014), Matticari (2009) , and Louisos and Hitt (2007) . All these limitations lead to the conclusion that current cold-gas technologies have low functionality density as many components are required for the proper operation of the thruster, increasing the power, volume, and mass of the system. Thus, cold-gas thrusters must evolve towards solutions with higher functionality density. To illustrate the discussed limitations, Table 1 lists some relevant thruster technologies used in several missions.
It is seen that pressure-control systems are used with pressurized gas to reduce pressure around two orders of magnitude. In all the cases, nozzle throat sizes are in the micromillimeter scale for thrust ranging from 1 to 100 mN. These nozzles have been machined using electroerosion (Matticari 2009 ), MEMS techniques [such as electrochemical etching (Bayt et al. 1997; Grisnik et al. 1987; Rossi et al. 2006) ], or even special lathe machining. In axis-symmetrical nozzles, the machining process is expensive and it is difficult to the control of the internal geometry and surface roughness (Louisos and Hitt 2007) . Manufacturing uncertainties cause mass-flow estimation errors that affect mission design. Also, rough surfaces can produce shocks that increase internal nozzle pressure, lowering the specific impulse (Bayt et al. 1997) . For these reasons, systems with axisymmetric nozzles need to be extensively tested before launching, increasing mission preparation time.
Concept Description
To increase the functionality density of cold-gas systems, the design of a planar controllable nozzle is proposed. This type of nozzle condenses mass-flow control and thrust production in a single unit with nozzle throat-size and contour-shape design freedom. The features and design characteristics of the proposed planar 
controllable nozzle will be given in subsequent subsections (Pedreira et al. 2015) .
Nozzle Machining and Contour Design
Planar nozzles can be machined from metal sheets using laser or water-jet techniques at very low cost with any desired surface finish and, specifically when low thrusts are required, the nozzle throat is set through sheet thickness selection.
Since thrust depends heavily on mass flow, the throat section, temperature, and pressure are of primary concern, as seen in the equation for chocked mass flow in a nozzle (Shapiro 1953 )
Mass Flow and Thrust Control
The proposed mechanism for thrust control separates the nozzle's sides from each other through an actuation system, as shown in Fig. 1 . This modifies the nozzle throat area and expansion ratio in a rather simple fashion, providing real-time mass flow and thrust control. A variable nozzle configuration also allows operation under different supply pressures due to gradual empting of the gas tank or due to lack of power for tank heating, saving energy needed for pressure control (heaters, pressure regulators, etc.) and reducing satellite components such as pressure regulators. Overall system efficiency is improved due to the absence of pressure-regulator irreversibilities. The off-design effect on nozzle operation is investigated to determine the h range in which the device has acceptable performance. The actuation system is the only added component. The new system's reliability has to be evaluated for new failure modes not present in axisymmetric nozzles. (Bzibziak 2000) n/a μm-mm 12 mN N2 6.9 bar up to 100 bar Marotta RJ thruster (Smith 2006) n/a μm-mm 50 mN N2, Xenon, etc. 10 bar Liquid TG1 (Omnidea-RTG 2014) n/a μm-mm 10-1,000 mN Inert gasses 5.2 bar n/a Rafael cold-gas RCS (Adler et al. 2005) n/a n/a 800 mN N2 15.5 bar 473 bar
Fig. 1. Nozzle profile and package
As temperature has a maximum operational value due to gas decomposition, material properties, and energy requirements, the throat area has to be greatly reduced to keep thrust in the desired range (Bayt et al. 1997) . In axis-symmetric nozzles, only the throat radius can be reduced but both throat height and nozzle sheet thickness can be reduced in a planar nozzle. Unlike the case of an axissymmetric nozzle, this section reduction has a negligible effect on machining costs.
To devise the nozzle's contour, efficient design methods as method of characteristics (MOC), thrust-optimized contoured nozzles (TOC), truncated ideal contoured nozzles (TIC), or parabolic bell nozzles (TOP) can be implemented to maximize a specific impulse (Östlund 2002) .
Planar nozzle systems have tighter assembling constraints than axis-symmetric nozzle ones as several parts have to be integrated to build it, which can cause thrust misalignment. This work proposes a functional nozzle design to ensure successful planar nozzle assembly.
For a given expansion ratio, a planar nozzle is longer than an axis-symmetric one. Thus, boundary layer growth can be expected, which could hamper nozzle performance. Furthermore, the wallfluid contact area is larger, causing high shear stresses that reduce flow exit velocity and thrust. In the case of extremely thin nozzles, boundary-layer growth could choke flow completely.
The aim of this paper is to investigate design tools for planar nozzles, using the method of characteristics (MOC) for design, computational fluid dynamics techniques for a more-detailed calculation, and experimental tests for model correction and validation. Tests are performed in a vacuum chamber under different working conditions. With this set of tools properly adjusted in the range of requirements for microsatellites and nanosatellites, it can be determined whether boundary-layer effects are significant or not. In the present work, 2-mm-thick nozzles are adopted to obtain a suitable thrust range. For the experimental and computational work, the nozzle profile is designed with an algorithm based on the method of characteristics (Shapiro 1953; Anderson 2003) initialized with a flow field from a power-series expansion, centered in the nozzle throat, given by Kliegel and Quan (1966) Standard-quality laser cutting is a low-cost manufacturing method. The nozzle is cut by a standard supplier who cut several profiles and profile packages in a single operation and out of a single steel sheet. For these reasons, the manufacturing cost less than 5% of that for a conical axis-symmetric nozzle of the same size, expansion ratio, and material is achieved. The nozzle contour is built as two separate parts in order to check the contour quality using a profile projector. The comparison shows an excellent agreement between the machined and designed contour and repeatability. The nozzle profile is integrated with a laser-cut, mirror-finished container package that ensures parallelism between sheets. The nozzle throat is set using a calibrated wire. Finally, the device's gastight capacity is checked with air up to 7 bar. Fig. 2 shows a scheme of the nozzle and load-cell mounting.
Test Bench
Tests are performed in vacuum chamber. The vacuum is obtained using a two-stage, oil-sealed vacuum pump. Total pressure between 70 and 500 Pa is set for the experiments. The test bench has vacuum and temperature sensors, a hot wire mass-flow meter, stagnation temperature and pressure sensors, and a load cell for thrust measurement. Gas (air) pressure is controlled with a manual pressure regulator. Tests are carried at the desired outlet (vacuum) and inlet pressures opening the solenoid valve for a few seconds. This process is repeated for each nozzle, for a range of inlet pressures.
Computational Fluid Dynamics Modeling
Two computational fluid dynamics (CFD) (ANSYS ; Majumdar 1988; Raw 1996) models are developed to incorporate into the analysis the boundary layer effects that MOC cannot capture. For optimum convergence rate and reduced computational time, unsteady RANS equations are solved (Otobe et al. 2008; Anderson 18 1995). The two models are implemented using ANSYS CFX commercial software. This package uses the finite-volume method for the discretization of continuity, momentum, and energy equations, combined with the finite-element method. For both models, the discretization schemes are selected as follows. The advection term is solved using a high-resolution scheme (Jasak et al. 1999) , which implements an algorithm that is Total Variation Diminishing to keep the solution bounded. Diffusion and pressure gradient terms are solved using a finite-element approach. For the advection term of the turbulence transport equation (Wilcox 1986) , an upwind scheme is used.
The models are • 2D without boundary layer; and • 2D with boundary layer.
The 2D without boundary layer model has the least computational cost and is used to solve the nozzle flow without boundarylayer effects. It is used to validate the overall accuracy of the nozzle's inner mesh, comparing the results against MOC calculations, which are exact for the Euler equations for compressible flow. Also, if boundary-layer effects are negligible, correct estimations of thrust and mass flow can be obtained.
The 2D with boundary layer model is developed to study the boundary-layer effect on the nozzle contour. Of primary concern are the boundary layer's displacement thickness and growth effect on mass flow (Kim et al. 2005 ) and flow expansion. Experimental work on axis-symmetrical nozzles (Grisnik et al. 1987 ) have shown that viscous effects start to reduce nozzle thrust for Reynolds number below 9 10 3 , and even more below 4 10 3 , which is in the range of the tests.
Two-Dimensional without Boundary Layer Model
The propellant fluid is modeled using the ideal gas law with constant specific heat ratios
This differs very little from real gas models in the range of temperatures and pressures used (Donaldson 1948; Zebbiche 2011) . Total pressure and total temperature were set as inlet conditions. The computational domain, adopted mesh, and boundary conditions used are shown in Fig. 3 . At the opening boundaries, open boundary conditions with prescribed static pressure and temperature are used. Along the symmetry plane, symmetry boundary conditions are assumed. For turbulence, the shear-stress transport (SST) k-ω model is adopted (Balabel et al. 2011; Saint-Rose et al. 2012; Neckel and Godhino 2015) . Free-slip boundary conditions are applied at the nozzle walls (Otobe et al. 2007 ).
Two-Dimensional with Boundary Layer Model
To model boundary-layer effects inside the nozzle, no-slip conditions and adiabatic wall options are applied to the nozzle walls, while keeping other boundary conditions as in the previous case. Due to the high Mach number expected in the diverging region of the nozzle, the Van Driest transformation is used for proper 
Mesh Sensitivity
Local mesh density 20 elements thick is placed along the wall, giving a dimensionless wall distance yþ < 1 (Schlichting 1979) , which is related to the distance from the wall to the contiguous node. Fig. 4 shows a detailed view of the nozzle mesh. The divergent region of the nozzle is chosen for mesh sensitivity analysis, being the region of major interest. Other meshes are constructed keeping the mesh growth ratio below 5% in both mesh directions. The coarsest mesh satisfying these criteria has 8,000 elements in the divergent region. Mass flow, thrust, and axial Mach number distribution are compared to finer meshes of 18,000 and 40,500 elements. As no significant differences were found in any of the calculated values and distributions, the coarser mesh is used for both models.
Results

Validation of MOC and CFD Models
The designed nozzle contour for 4.41 Mach is cut in 2-mm-thick steel with 600-μm throat height. Thrust and mass flow are shown in Figs. 5 and 6, compared to MOC theory and computational values. Good agreement between the different methods can be observed. Chamber pressure is set to match the designed nozzle's exit pressure. In this condition, the thrust equation is
As the measured mass flow is very close to the theoretical one, it can be assumed that
Isentropic efficiency, assuming adiabatic expansion of a nozzle is
which in this case is near unity. As thrust is the theoretical one, it can be assumed that flow undergoes a quasi-isentropic expansion; exit velocity is very close to the isentropic one so the process is quasi-reversible. Hence it can be assumed that boundary-layer effects are negligible for the prediction of thrust and mass flow in the proposed range. Thus, properly designed planar nozzles have no efficiency disadvantages compared to axis-symmetrical ones. The computationally predicted design Mach differs only by 0.17% from MOC value (Fig. 7) . Furthermore, the computational model shows an almost axial exit velocity distribution, with a slight 1°tilt near the wall as depicted in Fig. 8 . This shows that nozzle contour 
Boundary-Layer Effects
The 2D with boundary layer model was used to investigate boundary-layer effects along the contour. Figs. 9 and 10 plot obtained thrust and mass flow for the nozzle used in the previous section. Calculated thrust is 4% less than measured thrust, as depicted in Fig. 9 . Experimental mass flow is also under predicted 7%. Results are coincident with those from the 2D case without boundary layer model, considering experimental errors. As expected, model shows that the exit Mach reduces along with inlet pressure, due to boundary-layer growth in the expansion zone at lower pressures. This phenomenon is shown in Fig. 11 . To explain how Mach reduction affects nozzle performance, some features of supersonic flows need to be addressed. Mach is defined as
change heavily when Mach increases almost up to Mach 3. At this point, flow becomes hypersonic (Shapiro 1953) , where changes in Mach are due to changes in flow temperature, with speed remaining almost constant. This phenomenon is observed in Fig. 11 for the MOC designed nozzle, where values are calculated at the exit section's center. Higher temperatures give lower Mach values at constant speeds. This temperature growth is caused by boundary-layer shear stresses. At the lowest studied inlet pressure, exit Mach is 6.6% below design; however exit speed is only 1% lower. In this sense, the designed hypersonic nozzle has an advantage over a supersonic nozzle where Mach is lower, as boundary-layer effects on exit Mach do not hamper the nozzle's performance.
Boundary-layer growth in exhaust section dependence on inlet pressure is shown in Fig. 12 , where the velocity profile is plotted against nozzle height. This growth also affects the direction of the flow, turning it outwards the axial direction (Fig. 13) . Nevertheless, the tilted flow lies in the boundary layer, which has less momentum and does not add significantly to the total thrust. Fig. 14 shows 
Thrust Control
Planar nozzle side separation can be set as shown in Fig. 1 . This setting commands the nozzle throat and consequently the expansion ratio and nozzle profile. The nozzle throat is the key parameter as mass flow depends strongly on it, which allows regulating thrust. Expansion ratio and nozzle profile affect thrust by changing exit Mach and losing flow axiality.
To investigate thrust control capability and performance with a variable throat area, experiments and computational models analysis are carried out. The 2D with boundary layer model is chosen to address the growth of the boundary layer and loss of axiality.
In addition, the MOC design method is enriched to tackle a growing boundary layer. The idea of boundary-layer displacement thickness (Schlichting 1979 ) is added to MOC code, now named MMOC. Assuming isentropic flow, the boundary layer's displacement is calculated at the nozzle throat in order to fit mass-flow measurements, for a given separation. Then the nozzle profile is offset to get a virtual contour. Standard MOC calculations are performed for the virtual profile and with this correction, thrust is accurately predicted. Results allow concluding that boundary-layer effects for the nozzle can be regarded as a contour offset that reduces the available throat height of the nozzle, without introducing any losses into the system. Results are plotted in Fig. 15 . The linear relation between inlet pressure and thrust holds for every tested separation.
Tests also show that the thrust-inlet to pressure ratio is a linear function of the displacement (Fig. 16 ). This is of paramount importance for controlling the nozzle in an actual system as only two functional parameters have to be specified. In this way, by measuring inlet conditions, the control system can adjust the nozzle step to achieve the desired thrust. 
Conclusions
The small-satellite industry demands thruster technology to evolve to higher functionality densities. Planar nozzles are a fair competitor since miniaturization is possible without performance loss (in this work, nozzles are tested up to 2-mm thicknesses).
The contour boundary layer is found to be small (negligible in most cases) without loss of flow axiality; therefore, no drawbacks arise from the use of planar nozzles compared to the more expensive axis-symmetrical ones. Additionally, real-time thrust control, keeping inlet pressure fixed, can be obtained in a rather simple fashion. The obtained thrust over pressure relation varies linearly with nozzle throat separation, making it easily controllable. In summary for the small-satellites industry, planar laser-cut nozzles have an almost theoretical efficiency at a cost 5% of a similar axissymmetrical nozzles.
Future work will be focused on designing and testing a controllable nozzle that takes advantage of the conclusion revealed in this work as well as addressing challenging issues such as sealing, robust assembly, and weight reduction in order to offer an alternative to actual axis-symmetrical nozzle-based propulsion systems.
Notation
The following symbols are used in this paper: h = throat height; Isp = specific impulse; m = mass flow; M = Mach number; P = absolute pressure; R = gas constant; r = throat radius; S T = throat section; T = temperature; T H = thrust; V = velocity modulus; Δke = change in kinetic energy; θ = tilt from nozzle axis; ρ = density; Subscripts 0 = stagnation conditions; exit = conditions at nozzle exit; and s = isentropic.
